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157] ABSTRACT

A ceramics composites prepared by dispersing any one
of the following matenials (i) to (vii1) in AlO3 which as
a matrix-containing crystalline grains having a grain
size of 0.5 to 100 pm. (i) 3 to 40% by volume of fine TiN
particles having a particle size of not more than 2 um
and 3 to 40% by volume of fine SiC particles having a
particle size of not more than 2 um. (ii) 3 to 40% by
volume of fine TiN particles having a particle size of not
more than 2 um and 3 to 40% by volume of fine Si3N4
particles having a particle size of not more than 2 um.
(111) 2 to 35% by volume of fine TiC particles having a
particle size of not more than 2 um and 5 to 40% by
volume of SiC whiskers having a diameter of 0.05 to 2
um. (1v) 2 to 35% by volume of fine TiC particles hav-
ing a particle size of not more than 2 um and 5§ to 40%
by volume of Si3N4 whiskers having a diameter of 0.1 to
2 um. (v) 3 to 40% by volume of fine TiN particles
having a particle size of not more than 2 um and 3 to
30% by volume of SiC whiskers having a diameter of
0.05 to 2 um. (v1) 3 to 409% by volume of fine TiN
particles having a particle size of not more than 2 um
and 3 to 30% by volume of Si3N4 whiskers having a
diameter of 0.1 to 2 um. (vii) 2 to 35% by volume of fine
TiC particles having a particle size of not more than 2
pum and 5 to 40% by volume of fine SiC particles having
a particle size of not more than 2 um. (viii) 2 to 35% by
volume of fine TiC particles having a particle size of not
more than 2 um and 5 to 40% by volume of fine Si3Ng
particles having a particle size of not more than 2 um.

6 Claims, No Drawings
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CERAMIC COMPOSITES AND PROCESS FOR ITS
PRODUCTION

BACKGROUND OF THE INVENTION AND
RELATED ART STATEMENT

The present invention relates to ceramic composites
having a special organizational structure and a process
for manufacturing the same. More specifically it relates
to ceramic composites having high toughness, high
strength, thermal resistance and wear resistance. The
present invention relates also to a process for manufac-
turing the same.

Al,O;can be easily sintered and has excellent proper-
ties such as thermal resistance, corrosion resistance and
electric insulation, and has long been used widely as an
industrial material. However, it has defects of possess-
ing low strength, low fracture toughness and low ther-
mal shock resistance. Accordingly, attempts have been
made to improve these disadvantages by making com-
posites. The R & D on manufacturing composites, how-
ever were mostly concerned with how to achieve com-
plexing in the micron level with particles (such as TiC)
or whiskers (such as SiC whisker) dispersed as a second
phase. Accordingly, there is a limit to the improvement
of these mechanical properties. By making composite
formations using these dispersed particles or whiskers,
the fracture toughness is improved by crack deflection
developed because of the maldistribution of the dis-
persed particles in the grain boundary of Al>Oj3, or the
pulling of the whiskers. However, it i1s well known that
in a grain dispersed composite, the cracks are deflected
by the dispersed grains which are localized at the
Al>O3 grain boundaries, and that the fracture toughess
of the resulting sintered Al>O3 1s thereby increased.

In a ceramic such as sintered Al>O3, the matrnx
thereof consists of anisotropic grains. Accordingly, the
localized stresses generate at the grain boundaries by
the thermal expansion mismatch between the matrix
and dispersion, and the localized compressive stress 1s
accumulated during cooling down from the sintering
temperature. Then, this grain boundary becomes a frac-
ture source which decreases the strength of the whole
sintering. When fine particles are dispersed in a matrix it
i1s expected that the toughness is improved, because
those particles avoid propagation of the cracks. How-
ever a prior art technology that comprises dispersing
those fine particles in the matrix was by no means effec-
tive in significantly increasing the strength, because
there was no change in the grain boundanes which
function as the source for fractures. Thus, the strength
cannot be greatly increased.

OBJECT AND SUMMARY OF THE INVENTION

It is an object of the present invention to overcome
the pnior art problems mentioned hereinbefore, and to
provide ceramic composites having high toughness and
strength. Another object of the present invention is to
provide ceramic composites having considerably im-
proved mechanical properties of Al;O3at room temper-
ature and at high temperatures. Still another object of
this invention is to provide a ceramic material having
high toughness and strength which 1s greatly improved
in its resistance to fracture at the time of use, inhibits
abnormal grain growth of Al>Oj3, controls organiza-
tional structure such as the fineness of the organization
and makes a composite of Al»Oj3 particles, and which
has excellent thermal shock resistance as a thermally

5

10

15

20

25

30

35

435

50

535

60

65

2

resistance material, a weat resistant material, a cutting
tool material, a high temperature structural material and
an electronic ceramic material.

Ceramic composites in accordance with the first in-
vention of this application are characterized in that 3 to
40% by volume of fine TiN particles 2 um or less in
particle size and 3 to 40% by volume of fine SiC parti-
cles 2 um or less in particle size are dispersed within
Al;O3 matrix particles having crystalline grains from
0.5 to 100 um 1n grain size.

A method for producing the above ceramic compos-
ite material in accordance with the second invention of
this application comprises of mixing Al;O; particles 5
um or less 1n particle size, 3 to 40% by volume of fine
TiN particles 2 pm or less in particle size and 3 to 40%
by volume of fine SiC particles 2 um or less in particle
size and then sintering the molding obtained from the
resulting mixture at a sintering temperature of 1500° C.
or higher.

Ceramic composites in accordance with a third in-
vention of this application are characterized in that 3 to
40% by volume of fine TiN particles 2 um or less in
particle size and 3 to 40% by volume of fine Si3Ny
particles 2 um or less in particle size are dispersed
within Al>Oj3 matrix particles having crystalline grains
from 0.5 to 100 um in grain size.

A method for producing the above ceramic compos-
ite material in accordance with a fourth invention of this
application comprises of mixing Al,Oj3 particles 5 um or
less 1n particle size, 3 to 40% by volume of fine TiN
particles 2 um or less in particle size and 3 to 40% by
volume of fine Si3Ny particles 2 um or less in particle
size and then sintering the material obtained from the
resulting mixture at a sintering temperature 1500° C. or
higher.

Ceramic composites in accordance with a fifth inven-
tion of this application are characterized in that 2 to
33% by volume of fine TiC particles 2 um or less in
particle size and 5 to 409% by volume of SiC whiskers
having a diameter of 0.05 to 2 um are dispersed in

- AlhO3 matrix particles having crystalline grains from

0.5 to 100 um 1n grain size.

A method for producing the above ceramic compos-
ite in accordance with a sixth invention of this applica-
tion comprises of mixing Al;O3 particles 5 um or less in
particle size, 2 to 35% by volume of fine TiC particles
2 pum or less in particle size and 5 to 40% by volume of
S1C whiskers having a diameter of 0.05 to 2 um, and
then sintering the molding obtained from the resulting
mixture at a sintering temperature of 1500° C. or higher.

Ceramic composites in accordance with a seventh
invention are characterized in that 2 to 35% by volume
of fine TiC particles 2 um or less in particle size and 5
to 40% by volume of SisNg4 whiskers having a diameter
of 0.1 to 2 um are dispersed in Al;O3 matrix particles
having crystalline grains 0.5 to 100 um in grain size.

A method for producing the above ceramic compos-
ite in accordance with an eighth invention of this appli-
cation comprises of mixing Al>Oj3 particles 5 um or less
1n particle size, 2 to 35% by volume of fine TiC particles
2 um or less in particle size and 5 to 40% by volume of
S13N4 whiskers having a diameter of 0.1 to 2 um and
then sintering the molding obtained from the resulting
mixture, at a sintering temperature of 1500° C. or
higher.

Ceramic composites in accordance with the ninth
invention of this application is characterized in that 3 to
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40% by volume of fine TiN particles 2 um or less in
particle size and 3 to 30% by volume of Si1C whiskers
having a diameter of 0.05 to 2 um are dispersed In
Al,O3 matrix particles having crystalline grains 0.5 to
100 um having in grain size.

A method for producing the above ceramic compos-
ite in accordance with the tenth invention of this appli-
cation comprises of mixing Al>Oj3 particles 5 um or less
in particle size, 3 to 40% by volume of fine TiN parti-
cles 2 um or less in particle size and 3 to 30% by volume
of SiC whiskers having a diameter of 0.05 to 2 um and
then sintering the molding obtained from the resulting
mixture at a sintering temperature of 1500° C. or higher.

Ceramic composites in accordance with an eleventh
invention of this application are characterized in that 3
to 40% by volume of fine TiN particles 2 um or less in
particle size and 3 to 30% by volume of Si3N4 whiskers
having a diameter of 0.1 to 2 um are dispersed in Al,O3
matrix particles having crystalline grains from 0.5 to
100 um in grain size. |

A method for producing the above ceramic compos-
ite in accordance with a twelfth invention of this appli-
cation comprises of mixing Al>,O3 particles 5 pm or less
in particle size, 3 to 40% by volume of fine TiN parti-
cles 2 um or less and 3 to 30% by volume of Si3N4
whiskers having diameter of 0.1 to 2 pm and then sinter-
ing the molding obtained from the resulting mixture at
a sintering temperature of 1500° C. or higher.

Ceramic composites in accordance with a thirteenth
invention of this application are characterized in that 2
to 35% by volume of fine TiC particles 2 pm or less in
narticle size and 5 to 40% by volume of fine S1C parti-
cles 2 um or less in particle size are dispersed within

Al.O3; matrix particles having crystalline grains 0.5 to

100 um in grain size.

A method for producing the above ceramic compos-
ite in accordance with a fourteenth invention of this
application comprises of mixing Al2O3 particles 5 um or
less in particle size, 2 to 35% by volume of fine TiC
particles 2 wm or less in particle size and 5 to 40% by
volume of fine SiC particles 2 um or less in particle size
and then sintering the molding obtained from the result-
ing mixture at a sintering temperature of 1500° C. or
higher.

Ceramic composites in accordance with a fifteenth
invention are characterized in that 2 to 35% by volume
of fine TiC particles 2 um or less in particle size and 5
to 40% by volume of fine Si3Ng4 particles 2 um or less in
particle size are dispersed within Al>O3 matrix particles
having crystalline grains from 0.5 to 100 pm in grain
size. |

A method for producing the above ceramic compos-
ite in accordance with a sixteenth invention of this ap-
plication comprises of mixing Al2O3 particles 5 pm or
less in particle size, 2 to 35% by volume of fine TiC
particles 2 pm or less and 5 to 40% by volume of fine
Si3Ny particles 2 um or less in particle size and then
sintering the molding obtained from the resulting mix-
ture at a sintering temperature of 1500° C. or higher.

According to this invention, the Al,O3/TiN/SiC
composite (material), the Al203/TiN/S13N4 composite
(material), the A1,O3/TiC/SiC whisker composite (ma-
terial), the A103/TiC/Si3N4 whisker composite (mate-
rial), the A1,O3/TiN/SiC whisker composite (material),
the A1,O3/TiN/Si3sNs whisker composite (maternial),
the Al,O3/TiC/SiC composite material, and the Al-
,03/TiC/Si3zN4 composite material having a wide range

10

15

20

23

30

35

43

4

of practicability as various structural materials can be
provided.

The Al,O3 based composites obtained by the produc-
tion methods of this invention achieve a drastic im-
provement in fracture strength and fracture toughness.

The ceramic composites of the invention can provide
materials having high strength and high toughness
without impairing the properties of Al,Os.

The ceramic composites of this invention can be ob-
tained by dispersing (1) fine TiN particles and fine SiC
particles, (2) fine TiN particles and fine Si13N4 particles,
(3) fine TiC particles and SiC whiskers, (4) fine TiC
particles and Si3N4 whiskers, (5) fine TiN particles and
SiC whiskers, (6) fine TiN particles and S13N4 whiskers,
(7) fine TiC particles and fine SiC particles or (8) fine
TiC particles and fine Si3N4 particles within an alumina
matrix whereby the organization is controlled by dis-
persed particles. As a result, as compared with conven-
tional ceramic composites, the strength can be increased
and their mechanical properties improved. To control
the organization of this material, the starting matenals
are mixed (step 1) and the resulting mixture 1s sintered
under optimum conditions (step 2). A material having
an organizational structure not obtained heretofore can
be obtained. A material 1s comprised of fine particles
having dispersed within the grains of Al;O3 ceramics in
a nanometer schale (1.e., a material composed of crystal
grains being complexed in the level of minimum struc-
tural unit of ceramic sintering). A dispersed phase (par-
ticles, whiskers) 1s included in each of the particles of
the Al,Oj crystals to make the crystalline particles into
a composite. As compared with conventional compos-
ite maternals, the method of controlling the microstruc-
ture and the constituent organization differ, and there-
fore, an improvement in the mechanical properties is
remarkable. Furthermore the strengthening mechanism
to be stated below acts and contributes to the improve-
ment of the mechanical properties. By incorporating a
dispersed phase such as (1), (2), (3), (4), (5), (6), (7) or (8)
having a different physical property (thermal expansion
factor) in the Al;O3 matrix to make a composite, the
residual stresses generate between the Al,O3 and those
dispersed fine particles ascribed to the difference in
thermal expansion coefficient. Accordingly, compres-
sive stresses generate at the grain boundary between the
neighboring Al2O3 grains. Thus, the cracks inside the

- sintering are pinned, or sealed or even deflected by
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those compressive strains. This i1s the belived mecha-
nism which prevents propagation of crack inside the
sintering. Since these stresses form the stresses field
through the adjacent particles, shielding or a crack
deflection by the induction of a crack arises at its lead-
ing edge portion. Furthermore, these stresses act to a
great extent locally to generate microcracks in the ma-
terial. While the cracks propagate, the fracture stress
acting on the leading edge 1s dispersed and mitigated,
thus preventing the propagating of the cracks.
Furthermore, since the same stress mechanism is
present in the particles dispersed within the Al,O3 crys-
talline grains, the same strengthening mechanism which
has been impossible heretofore is generated in the parti-
cles themselves to manifest a further improvement. A
new characteristic is that since the dispersed particles
are present inside the matrix, the dispersed particles are
not present in the grain boundary portion of the mate-
rial, and, therefore, defects in the grain boundary which
would occur as a result of a decrease in strength do not
form. Furthermore, in oxygen diffusion into material in
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a high-temperature atmosphere, since the diffusion of
oxygen 1s lower in the particles than in the grain bound-
ary, the dispersed particles within matrix are less af-
fected by the influence of oxidation, etc. than those
dispersed in the grain boundary, and the degradation of
the properties that occurs at high temperatures 1s
greatly inhibited. It 1s well known that the grain bound-
ary sliding and/or cavitation are responsible for the
high-temperature strength degradation of the oxide
ceramics. However, the dispersions within the Al,O;
matrix grains promote the trans granular fracture rather
than intergranular. Thus, it is concluded that the in-
crease in strength at high temperature 1s mainly due to
the prohibitation of the grain boundary sliding or cavi-
tation by the dispersion within the Al,O3 matrix grains.
When SiC or Si3Ng4 whiskers are dispersed, the pull-
out effect of these whiskers or the crack deflecting
effect obstructs the propagating of cracks more mark-
edly than in the case of dispersed particles. Further-
more, the addition of particles and whiskers develops a
synergistic effect (multi-toughening), and a tougher
ceramic composites which have been unable to be ob-
tained by a two-component type can be provided.

PREFERRED EMBODIMENTS

The AlyOj crystal grain size in the ceramic compos-
ites i1s limited to 0.5 to 100 um. This grain size range
maximizes the strength of the sintering. The reason why
the particle size of fine TiN particles, fine SiC particles,
fine T1C particles or fine S13N4 particles 1s limited to not
more than 2 um 1is that this particle size range 1s the
optimal particle size range to introduce any of the above
particles into the Al;O3 matrix crystalline grains.

The fine particle size range which is especially pre-
ferred is 0.01 to 1.0 um. The diameter of the Si1C whis-
kers 1s limited to 0.05 to 2 um, and the diameter of the

Si3N4 whiskers 1s specified as 0.1 to 2 um. The reason
for this is that diameters within these ranges allow opti-
mal incorporation of these whiskers into the Al;Oj3
matrix crystalline grains and have an improved effect.

In accordance with from first to fourth inventions,
the reason why the proportion of the fine TiN particles,
the fine SiC particles, or fine Si3Ny4 particles is Iimited to
3 to 40% by volume is that if it is less than 3% by vol-
ume, the effect of the addition 1s not fully developed
even when these particles are incorporated within the
Al,0O3 matrix, and if it 1s more than 409% by volume, the
excess dispersed particles not incorporated within the
Al>,O3matrix are dispersed (existent) in the grain bound-
ary and the characteristics will degrade.

The total proportion of the fine TiN particles and the
fine SiC particles or the total proportion of the fine TiN
particles and the fine Si3N4 particles should preferably
be 6 to 80%, more preferably 6 to 60%, by volume.

In accordance with from fifth to eighth and from
thirteenth to sixteenth inventions, the proportion of the
fine TiC particles, the SiC (whiskers or fine particles) or
the SiiN4 (whiskers or fine particles) is limited to 2 to
35% by volume (in the case of TiC) or 5 to 40% by
volume (in the case of SiC or S13Ny4). The reason 1s that
if the proportion of TiC is less than 29 by volume or
the proportion of SiC or Si3Njy is less than 5% by vol-
ume, the effect of the dispersed particles or whiskers
cannot be obtained, and if the proportion of TiC is more
than 359 by volume or the proportion of S$1C or Si13N4
is over 40% by volume, the sintering properties are
remarkably decreased, and the mechanical properties
will be degraded.
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The total proportion of the TiC and the SiC or the
total proportion of the TiC and the Si3Ng4 should prefer-
ably be 8 to 609% by volume.

In accordance with from ninth to twelfth inventions,
the proportion of the fine TiC particles, the SiC whis-
kers or the Si3N4 whiskers is limited to 3 to 40% by
volume (in the case of TiN) or 3 to 30% by volume (in
the case of whiskers). The reason is that if the propor-
tion of TiN is less than 3% by volume or the proportion
of the whiskers is less than 3% by volume, the effect of
the dispersed particles or whiskers cannot be obtained,
and if the proportion of TiC is more than 40% by vol-
ume or the proportion of the whiskers is over 30% by
volume, the sintering properties are remarkably de-
creased, and the mechanical properties will be de-
graded.

The total proportion of the fine TiN particles and the
S1C whiskers or the total proportion of the TiN fine
particles and the SiaN4 whiskers should preferably be 8
to 60% by volume.

The reason why the particle diameter of Al,O3, used
as the manufacturing material, i1s limited to not more
than 5 um is that they can be easily sintered. The parti-
cle size of each of the starting materials TiN, SiC, TiC
and Si3Ng4 1s limited to not more than 2 um, and the
diameter of S1C whisker is limited to 0.05 to 2 um and
the diameter of S13N4 whisker is limited to 0.1 to 2 um.
It 1s easy to take the particles or whiskers into the
Al O3 matrix particles, and even if the residual stress
exceeds a certain limit, microcracks which cause a de-
crease of- strength do not develop. The particles or
whiskers may be available from what is now industrially
produced.

The matrix Al2O3 according to the present invention
should be minutely sintered in the sintering step. It is
necessary that each fine particle or whisker in the dis-
persed phase within Al O3 crystalline grains is uni-
formly dispersed and becomes particles forming the
composites.

In the sintering step, the fine particles or whiskers
should be incorporated into the Al;O3 matrix particles.

The ceramic composite of the present invention is
produced by mixing Al>O3 5 um or less in particle size
with the dispersed fine particles or both the dispersed
fine particles and whiskers and then sintering the mold-
ing obtained from the resulting mixture.

The sintering temperature is 1500° C. or, higher,
preferably 1500° to 1900° C. The sintering methods
suitable for this invention include pressureless sintering,
HIP treatment (hot 1sostatic pressing) and hot pressing.

The ceramic composites obtained by this invention
are preferred for high-temperature structural materials
such as engine parts and heat-resistant and refractory
materials having excellent corrosion resistance, high-
temperature strength and thermal shock resistance.

The production of ceramic composites of this inven-
tion and the results of measurement of the mechanical
properties will be described. The present invention is
not limited to the following Examples.

EXAMPLE 1
Preparation of the Sample Powders

AKP-30 (the average particle size 0.3 um, purity
99.99%) of Sumitomo Chemical Ind. Ltd. was used as
the Al;O3 matrix. Fine TiIN (the average size 1.0 um)
particles made by Japan New Metals Co., Ltd. were
used as TIN to be added. TiN was added to the matrix
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material in the proportions shown in Table 1. Further-
more, fine SiC particles (8-random ultrafine: the aver-
age particle size 0.3 um) of Ibiden Co., Ltd. was ad-
mixed in the proportions shown in Table 1. They were
pulverized and mixed for 24 hours in an alumina ball
mill, and then fully dried. After that they were dry
pulverized and mixed in an alumina ball mill for 12
hours. The resulting mixture was used as a sample pow-
der.

Sintering Treatment

The sintering treatment was carried out in the high-
frequency induction heating hot pressing apparatus
(made by Fuji Denpa Kogyo Co., Ltd.). About 80 g of
the mixture prepared as shown above was filled into a

graphite die (inside diameter 60 mm), precompressed to
10 MPa, and then sintered.

8
sured values show the following. The sintered body
obtained at 1700° C. (No. 6) of an A1,03-TiN two-com-
ponent system had a flexural strength of about 900 MPa
on an average. On the other hand, the sintered bodies
(Nos. 1 to 5) containing 5 to 30% by volume of fine SiC
particles (three-component system) showed a remark-
able increase in the fracture strength. When the frac-
tured surfaces of these samples were observed, these
surfaces assumed very comliex surfaces. The Al,O3; had

10 high toughness and strength due to the crack-deflection

15

of the leading edge of the cracks and crack-bowing by
the TiN and fine SiC particles dispersed in the Al,O3
matrix grains and to the generation of microcracks of
the dispersed particles in the matrix crystalline grains.
The synergistic effect of these 1s considered to have lead

to an improvement in the fracture toughness and
strength.

TABLE 1
Particle
Starting material Sintering diameter (um) Flexural Fracture
composition (vol. %)  temperature of a-AlyO3in strength toughness
No. a-Al;O3 TiN SiC ("C.) the sintered body (MPa)  [K;c(MPa m!)} Remarks
1 70 25 5 1850 <3 1210 7.0 Example
2 80 10 10 1750 <4 1180 1.2 Example
3 70 20 10 1800 <3 1280 8.0 Example
4 70 10 20 1800 <3 1230 7.8 Example
5 65 5 30 1850 <3 1260 7.5 Example
6 80 20 — 1700 <3 930 6.0 Comparative Example
7 100 — — 1500 <3 450 4.0 Comparative Example
4
The hot pressing condition wherein the powder was 35
P g P EXAMPLE 2

heated to the sintering temperature shown in Table 1,
was maintained for 1 hour at the temperature. The press
pressure was 30 MPa, and nitrogen gas was used as the
atmospheric gas.

Formation of a Test Specimen

Both surfaces of the press of the sintered body ob-
tained were ground and finished to a roughness of
#1000 by diamond wheel. The sintered body was cut

40)

out into a rectangular parallelepiped by a diamond cut- 45

ter. The sample was cut to a size of 3 mm X4 mm and a
length of 36 mm to form a three-point flexural sample.

Measurement of the Mechanical Properties

The grain size of the matrix in the sintered body was 50

measured by observing the microstructure through the
fractured surface of the sample by SEM. The flexural
strength was measured by a three-point flexural testing
method at room temperature at the cross-head speed of
0.5 mm/minute with the span length of 30 mm. This
flexural strength was measured with a sample obtained
by finishing the tensile surface into a mirror surface
using a diamond paste (3 p) and chamfering the edge
portion at an angle of 45° with a width of about 0.1 mm.

The fracture toughness was measured by the IM
method under the conditions of indenter boad 9.8N and
loading time 10 sec.

Observation of the Results of Measurements

Table 1 shows the relation among the particle diame-
ter of a-Al»Q; in the sintered body, the three-point
flexural strength, the fracture toughness and the added
amounts of the TiN and fine SiC particles. These mea-

33
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AKP-30 (the average particle size 0.3 um, purity
99.99%) made by Sumitomo Chemical Ind. Ltd. was
used as the Al2O3; matrix, and as TiN to be added, Fine
TiN (the average particle size 1.0 um) particles made by
Japan New Metals Co., Ltd. were used. TiN particles
were added to the matrix material in each of the propor-
tions shown 1n Table 2. Furthermore, fine Si3Ng4 parti-
cles (the average particle size 0.5 um) made by Shin-
Etsu Chemical Co., Ltd. were admixed in each of the
proportions shown in Table 2. They were pulverized
and mixed for 24 hours in an alumina ball mill. After
that, they were fully dried, pulverized and mixed in an
alumina bal! mill for 12 hours to obtain sample powders.

Using these sample powders, sintered test pieces were
prepared as in Example 1, their properties were mea-
sured, and the results are shown in Table 2.

Table 2 illustrates the following facts. A sintered
body (No. 13) obtained at 1700° C. with an Al,O3-TiN
two-component system had a strength of about 900
MPa on average. In contrast, sintered bodies (Nos.
8 ~12) containing § to 30% by volume of fine Si3Ng4
particles (three component system) showed markedly
high toughness and strength. When the fractured sur-
faces of the samples were observed, they assumed very
complex surfaces. That AlLO3; showed high fracture
toughness and strength 1s due to the crack deflection
and the crack bowing by the TiN and fine Si3Ny4 parti-
cles dispersed in the matrix grains and to the formation
of microcracks of the dispersed particles in the matrix
crystalline grains. The synergistic effect of these is con-
sidered to lead to an improvement in the fracture tough-
ness and strength.
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TABLE 2

Particle
diameter (um)

Starting material Sintering Flexural

__composition (vol. %)  temperature of a-AlhO3in strength  Fracture

No. a-AlsO31 TiIN  SiaNg (*C.) the sintered body (MPa) toughness Remarks

g 75 20 5 1850 <4 1190 7.0 Example

9 70 20 10 1750 <3 1230 7.8 Example
10 70 15 10 1800 <4 1240 7.6 Example
11 70 10 20 1800 <3 1280 1.2 Example
12 65 5 30 1850 <3 1240 7.5 Example
13 70 30 — 1700 <3 960 6.0 Comparative Example
14 100 — — 1500 <35 450 4.0 Comparative Example

EXAMPLE 3 OBSERVATION OF THE RESULTS OF

15 MEASUREMENT
The following facts are clear from Table 3.

Preparation of Sample Powders

AlO3UA-5105 (average particle size 0.25 um, purity _ _ ..-. _
99.999%) made by Showa Keikinzoku Co., Ltd. was A sintered body (No. 24) obtained at 1700° C. with an

used as a matrix, and as the TiC to be added, TiC (#007;  £1203-11C two component system had a strength of
average particle size 0.8 um) was used. TiC was added 20 about 300 MPa on average. On the other hand, sintered
in each of the proportions shown in Table 3 to the ma-  20dies (Nos. 15~22) containing 6.2 to 35.4 by volume
trix material. Furthermore, SiC whiskers (SCW; diame- of S1C whiskers (three component system) showed a
ter 0.05 to 2 um) made Tateho Chemical Co., Ltd. were large increase 1n strength. When the fractured surfaces
admixed in each of the proportions shown in Table 3. of the samples were observed, they assumed very com-
They were pulverized and mixed for 12 hours in an 25 plex surfaces. That the Al,O3 had high fracture tough-

alumina ball mill. After that they were fully dned, pul- ness 1S .considered to_tge due t‘? the ger}eratiqn of crack
verized and mixed for 5 hours inyan alumina ball miﬁ - deflection by the addition of TiC and SiC whiskers, thus

a dry condition. The resulting mixed powder were used leading to an improvement in fracture toughness and

as sample powders. strength.
TABLE 3
Diameter (um)
Starting material Sintering of particie in Flexural Fracture
_____composition (vol. %) temperature _the sintered body  strength toughness
No. a-AbhO3 TiC SiC whiskers (°C.) a-AlbO; TiC (MPa) [Kjc(MPa mi)] Remarks
15 91.4 2.4 6.2 1700 <5 <0.8 900 6.7 Example
16 68.2 25.3 6.5 1800 <4 <0.8 1250 7.5 Example
17 85.4 2.4 12.2 1700 <4 <0.8 1080 7.0 Example
18 62.1 25 12.9 1800 <3 < 0.8 1350 9.0 Example
19 73.9 2.3 23.8 1700 <4 < 0.8 1090 8.0 Example
20 68.1 7.8 24.1 1800 <4 <0.8 1220 8.7 Example
21 59.5 15.9 24.6 1700 <3 <0.8 1350 9.2 Example
22 57 7.6 35.4 1800 <3 < 0.8 1280 9.1 Example
23 74.4 25.6 — 1700 <3 <0.8 950 6.5 Comparative Example
24 10C — — 1700 <3 <0.8 450 4.0 Comparative Example
: : 45
Sintering EXAMPLE 4

The sintering treatment was carried out in the high A1O3 UA-5105 (average particle size 0.25 um; purity
frequency induction heating hot pressing apparatus. 99.99%) made by Showa Ketkinzoku Co., Ltd. was
(made by Fuji Denpa Kogyo Co., Ltd.) About 35 g of  used as the matrix, and TiC (#007; and average particle
the mixture was filled into a graphite die (inside diame- 50 size 0.8 um) made by Japan New Metals Co., Ltd. was
ter 50 mm), pre-compressed to 10 MPa and sintered. At used as the TiC to be added. TiC was added to the
this time, the filled sample may not directly contact the matrix matenal in each of the proportions shown in
inner surface of the die and/or the pressing surface of = Table 4. Furthermore, Si3Ng whiskers (SNW, diameter
the punching rod and react with them. These surfaces 0.1 to 2 um) made by Tateho Chemical Co., Ltd. were
were coated with a BN powder, further, a graphite foil 55 admixed in each of the proportions shown in Table 4,
(thickness 0.38 mm) was placed on them, and a sample and they were pulverized and mixed for 12 hours in an
was filled into it. alumina ball mill. Then, they were fully dried, pulver-
The hot pressing conditions included heating the  ized and mixed for § hours in an alumina ball mill in a
sample to the sintering temperature, and keeping 1t at dry condition. The sample was pulverized.
that temperature for 1 hour. The pressure was 30 MPa, 60 The sample powders were used and sintered as in

and argon gas was used as the atmosphernc gas. Example 3 to form test pieces of sintered bodies. The
rties of the t ' :
SAMPLE PREPARATION properties of the test pieces were measured in the same

way and the results are shown in Table 4.
It was carried out in the same way as in Example 1.

The following facts are clear from Table 4.
65 A sint . ' ° C. wi
MEASUREMENT OF PROPERTIES sintered body (INo. 32) obtained at 1700° C. with an
It was carried out in the same way as in Example 1.

Al,03-TiC two-component system had a strength of
about 900 MPa on average. On the other hand, sintered
The results are shown in Table 3.

bodies (Nos. 25~ 31) containing 6.5 to 35.49 by volume
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containing Si3N4 whiskers (three component system)
showed a large increase in strength. When the fractured
surfaces of these samples were observed, very complex
surfaces were assumed. Thus, the high fracture tough-
ness of Al2O3 was due to the generation of crack deflec-
tion by the addition of TiC and SizdN4 whiskers, thus
leading to an improvement in fracture toughness and
strength.

5

12

out into a rectangular parallelepiped by a diamond cut-
ter. The sample was cut to a size of 3 mm X4 mm and a
length of 36 mm to form a three-point flexural sample.

MEASUREMENT OF MECHANICAL
PROPERTIES

The grain size of the matrix in the sintered body was
measured by observing the microsfructure through the

TABLE 4
Diameter (um)
Starting maternal Sintering of particle in Flexural Fracture
composition (vol. %) temperature the sintered body strength toughness
No. a-AlO3 TiC  Si3Ny4 whiskers C.) a-AlhO3  TiC (MPa)  [K;c(MPa m})] Remarks
25 68.2 25.3 6.5 1800 <4 <0.8 1260 1.3 Example
26 79.7 8 12.3 1800 <4 <0.8 1150 7.4 Example
27 62.1 25 12.9 1800 <3 <0.8 1330 8.9 Example
28 73.9 23 23.8 1700 <4 <0.8 1050 8.0 Example
29 68.1 7.8 24.1 1800 <4 <0.8 1230 8.5 Example
30 59.5 15.9 24.6 1700 <3 <0.8 1320 9.1 Example
31 57 7.6 354 1800 <3 <0.8 1260 9.2 Example
32 74.4 25.6 — 1700 <3 <0.8 990 6.5 Comparative Example
33 100 — — 1700 <3 — 450 4.0 Comparative Example
fractured surface of the sample by SEM. The flexural
EXAMPLE 5 25 o

PREPARATION OF THE SAMPLE POWDERS

AKP-30 (average particle size 0.3 um, punty
99.99%) of Sumitomo Chemical Ind. Ltd. was used as
the AO3; matrix. Fine TiN (average particle size 1.0
um) particles made by Japan New Metals Co., Ltd.
were used as TiN to be added. TiN was added to the
matrix material in the proportions shown in Table 3.
Furthermore, SiC whiskers (average diameter 0.1~2
um) of Tateho Chemical Co., Ltd. was admixed in the
proportions shown in Table 5. They were pulverized
and mixed for 24 hours in an alumina ball mill, and then
fully dried. After that they were dry pulverized and
mixed in an alumina ball mill for 12 hours. The resulting
mixture was used as a sample powder.

SINTERING TREATMENT

The sintering treatment was carried out in the high
frequency induction heating hot pressing apparatus
(made by Fuji Denpa Kogyo Co., Ltd.). About 80 g of
the mixture prepared as shown above was filled into a
graphite die (inside diameter 60 mm), pre-compressed to
10 MPa, and then sintered. |

The hot pressing condition wherein the powder was
heated to the sintering temperature shown in Table 3,
was maintained for 1 hour at the temperature. The
pressing pressure was 30 MPa, and nitrogen gas was
used as the atmospheric gas. '

FORMATION OF A TEST SPECIMEN

Both surfaces of the press of the sintered body ob-
tained were ground and finished to a roughness of
#1000 by diamond wheel. The sintered body was cut

30

35

45

50

55

strength was measured by a three-point flexural testing
method at room temperature at the cross-head speed of
0.5 mm/minute with the span length of 30 mm. This
flexural strength was measured with a sample obtained
by finishing the tensile surface into a mirror surface
using a diamond paste (3u) and chamfering the edge
portion at an angle of 45° with a width of about 0.1 mm.

The fracture toughness was measured by the IM
method under the conditions of indenter load 9.8N and
loading time at 10 sec.

OBSERVATION OF THE RESULTS OF
MEASUREMENTS

Table 5 shows the relation among the grain size of
a-Al203 in the sintered body, the three-point flexural
strength, the fracture toughness, and the added amounts
of the fine TiN particles and S1C whiskers. These mea-
sured values show the following. The sintered body
obtained at 1700° C. (No. 38) of a A1,03-TiN two-com-
ponent system had a flexural strength of about 900 MPa
on an average. On the other hand, the sintered bodies
(Nos. 34 to 37) containing 3 to 309% by volume of the
S1C whiskers (three-component system) showed a re-
markable increase in the strength. When the fractured
surfaces of these samples were observed, these surfaces
assumed very complex surfaces. That Al,O3; had high
toughness and strength was due to the crack deflection
and crack bowing by the fine TiN particles and SiC
whiskers dispersed in the Al»O3 matrix grains and to the
generation of microcracks of the dispersed particles in
the Al,O3 matrix crystalline grains. The synergistic
effect of these is considered to have lead to an improve-
ment in fracture toughness and strength.

TABLE 5
Particle
Starting material Sintering diameter (um) Flexural Fracture
composition (vol. %) temperature of a-Al203 1n strength toughness
No. a-Al3O3 TiN  Si1C whiskers (°C.) the sintered body  (MPa) [Kjc(MPa m?)) Remarks
34 70 27 3 1850 <4 1150 8.1 Example
35 70 20 10 1750 <4 1160 8.3 Example
36 70 10 20 1800 <3 1210 8.9 Example
37 65 5 30 1800 <3 1250 9.1 Example
38 80 20 — 1700 <3 930 6.0 Comparative Example



5,322,823

13

14

TABLE 5-continued

Particle
Starting material

composition (vol. %
TiN SiC whiskers

Sintering
temperature

("C.)

a-AlO3

No.

diameter (um)
of a-Al,O3 1n

the sintered body

Fracture
toughness

[K;c(MPa m)]

Flexural
strength

(MPa)

Remarks

39 100 1500

<5

EXAMPLE 6

AKP-30 (the average particle size 0.3 um, purity
96.99%) made by Sumitomo Chemical Ind. L.td. was
used as the Al»O1 matnx, and as TiN to be added, fine
TiN (the average particle size 1.0 um) particles made by
Japan New Metals Co., Ltd. were used. TiN particles
were added to the matrix matenial in each of the propor-
tions shown in Table 6. Furthermore, Si3N4 whiskers
(average diameter 0.1 ~2 um) made by Tateho Chemi-
cal Co., Ltd. were admixed in each of the proportions
shown in Table 6. They were pulverized and mixed for
24 hours in an alumina ball mill. After that, they were
fully dried, pulverized and mixed in an alumina ball mill
for 12 hours to obtain sample powders.

Using these mixture, sintered test piece were pre-
pared as in Example 5, their properties were measured,
and the results are shown in Table 6.

Table 6 illustrates the following facts. A sintered
body (No. 44) obtained at 1700° C. with an Al,O3-TiIN
two-component system had a strength of about 900
MPa on average. In contrast, sintered bodies (Nos.
40 ~43) containing 3 to 30% by volume of Si3N4 whis-
kers (three component system)’showed markedly high
fracture toughness and strength. When the fractured
surfaces of the samples were observed, they assumed
very complex surfaces. That Al;O3 showed high frac-
ture toughness and strength is due to the crack deflec-
tion and the crack bowing by the fine TiN particles and
Si3Ng whiskers dispersed in the matrix grains and to the
formation of microcracks of the dispersed particles in
the Al»O3; matrix crystalline grains. The synergistic
effect of these is considered to lead to an improvement
in fracture toughness and strength.

10

15

20

23

30

35

40

450 4.0 Comparative Example

in each of the proportions shown in Table 7. They were
pulverized and mixed for 12 hours in an alumina ball
mill. After that they were fully dried, pulverized and
mixed for 5 hours in an alumina ball mill in a dry condi-
tion. The resulting mixture was used as sample powders.

Sintering

The high frequency induction heating-type hot press-
ing apparatus (made by Fuji Denpa Kogyo Co., Ltd.)
was used for the sintering treatment. About 35 g of the
prepared sample powder was filled into a graphite die
(inside diameter 50 mm), pre-compressed to 10 MPa. At
this time, the filled mixture may not directly contact the
inner surface of the die and/or the pressing surface of
the punching rod and react with them. These surfaces
were coated with a BN powder, further, a graphite foil
(thickness 0.38 mm) was placed on them, and the mix-
ture was filled into it.

The hot pressing conditions included heating the
sample to the sintering temperature, and keeping it at
that temperature for 1 hour. The pressure was 30 MPa,
and argon gas was used as the atmospheric gas.

Sample Preparation

It was carned out in the same way as in Example 5.

Measurement of Properties

It was carried out in the same way as in Example 5.
The results are shown in Table 7.

Observation of the Results of Measurement

The following facts are clear from Table 7.
A sintered body (No. 51) obtained at 1700° C. with an
AlO3-T1C two component system had a strength of

TABLE 6

Particie

Starting material
composition (vol. %)

TiIN

27 3
70 20 10
70 10 20
65 5 30

70 30 —
100 —

Sintenng
temperature

("C.)

1800
1800
1800
1800
1700
1500

ikl

a-AlyQ;
70

No. Si13Ng4 whiskers

41
42
43

45

L

EXAMPLE 7
Preparation of Sample Powders

Al,O3 UA-5105 (the average particle diameter 0.25
um, purity 99.99%) made by Showa Keikinzoku Co.,
1.td. was used as a matrix, and as the fine TiC to be
added, TiC (#007; average particle size 0.8 pm) was
used. TiC was added in each of the proportions shown
in Table 7 to the matrix material. Furthermore, fine SiC
particles 8-randum ultrafine; average particle size 0.3
um) made by Ibiden Chemical Co., Ltd. were admixed

diameter {(um)
of a-A1,03 in

the sintered body

60

65

Fracture
toughness

[K7c(MPa m?)]

1.8
8.5
8.8
9.0
6.0
4.0

Flexural
strength

(MPa)

1230
1180
1210
1280
960
450

Remarks

Example
Example
Example
Example
Comparative Example
Comparative Example

about 900 MPa on average. On the other hand, sintered
bodies (Nos. 46 ~ 50) containing 6.5 to 24.59% by volume
of SiC fine particles (three component system) showed
a large increase in strength. When the fractured surfaces
of the samples were observed, they assumed very com-
plex surfaces. That the Al,O3 had high fracture tough-
ness 1s considered to be due to the generation of crack
deflection by the addition of TiC and SiC fine particles,

thus leading to an improvement in fracture toughness
and strength.
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TABLE 7
Diameter (um)
Starting material Sintering of particle in Flexural Fracture
composition {(vol. %)  temperature the sintered body strength toughness
No. a-Al03; TiC SiC ("C.) a-Aly03 (MPa)  [K;c(MPa m?)] Remarks
46 68.2 25.3 6.5 1700 <3 1210 1.1 Example
47 79.7 g0 123 1700 <4 1180 7.2 Example
48 71.1 16.3 12.6 1800 <4 1220 1.9 Example
49 68.1 7.8 241 1700 <4 1230 7.8 Example
50 59.5 160 245 1800 <3 1260 7.9 Example
31 74.4 56 — 1700 <3 930 6.0 Comparative Example
52 100 — — 1700 <3 450 4.0 Comparative Example
ume of SizN4 whiskers having a diameter of 0.1 to 2
EXAMPLE 8 ; &

Al203 UA-5105 (the average particle size 0.25 um;
purity 99.99%) made by Showa Keikinzoku Co., Ltd.
was used as the matrix, and TiC (#007; and the average
particle size 0.8 um) made by Japan New Metals Co.,
Ltd. was used as the TiC to be added. TiC was added to
the matrix material in each of the proportions shown in
Table 8. Furthermore, Si3zNg4 fine particles (the average
particle size 0.3 um) made by Shinetsu Chemical Co.,
Ltd. were admixed in each of the proportions shown in
Table 8, and they were pulverized and mixed for 12
hours in an alumina ball mill. Then, they were fully
dried, pulverized and mixed for 5 hours in an alumina
ball mill in a dry condition. The sample was pulverized.

The sample powders were used and sintered as in
Example 7 to form test pieces of sintweed bodies. The
properties of the test pieces were measured 1n the same
way and the results are shown in Table &.

The following facts are clear from Table 8.

A sintered body (No. 58) obtained at 1700° C. with an

15

20

micro meter and Al,Oj; as a matrix having crystalline
grains with a grain size of 0.5 to 100 micro meter, said
TiC particles and Si3N4 whiskers being dispersed in the
crystalline grains of Al;Os.

2. Ceramic composites according to claim 1, wherein
said particle size of said TiC particles is between 0.01
and 1.0 micro meters.

3. A method of producing ceramic composites which
comprises mixing Al»O3 particles having a particle size

of not more than 5 pm with 2 to 35% by volume of fine

25

30

Al,O3-TiC two-component system had a strength of ;.

about 900 MPa on average. On the other hand, sintered
bodies (Nos. 53~ 57) containing 6.4 to 35.4% by volume
containing SizNg4 fine particles (three component sys-
tem) showed a large increase in strength. When the
fractured surfaces of these samples were observed, very
complex surfaces were assumed. Thus, the high fracture
toughness of Al,O3 was due to the generation of crack
deflection by the addition of TiC and Si3N4 particles,
thus leading to an improvement in fracture toughness
and strength.

TABLE 8

TiC particles having a particle size of not more than 2
pm and 5 to 40% by volume of Si3N4 whiskers having
a diameter of 0.1 to 2 um, molding the resulting mixture
and sintering it at a temperature of at least 1500° C.

4. Ceramic composites consisting essentially of 2 to
35% by volume of fine TiC particles having a particle
diameter of not more than 2 micro meter, 5 to 40% by
volume of fine SiC particles having a particle size of not
more than 2 micro meter and Al;Oj as a matrix having
crystalline grains with a grain size of 0.5 to 100 micro
meter, said TiC particles and SiC particles being dis-
persed in the crystalline grains of Al Os.

5. Ceramic composites according to claim 4, wherein
said particle sizes of said TiC and SiC particles are
between 0.01 and 1.0 micro meters.

6. A method of producing ceramic composites which
comprises mixing AlyOj particles having a particle size
of not more than 5 pm with 2 to 35% by volume of fine
T1C particles having a particle size of not more than 2
pm and 5 to 40% by volume of fine SiC particles having
a particle size of not more than 2 um, molding the re-

Diameter (pm)

Starting material Sintering of particle in Flexural Fracture
composition (vol. %) temperature  the sintered body strength toughness
No. a-AlbO; TiC Si3Ng (*C.) a-Al;03 (MPa)  [K;jc(MPa m#)] Remarks
53 77.1 16.5 6.4 1700 <4 1190 7.0 Example
54 71.1 16.3 12.6 1800 <4 1230 7.1 Example
55 69.5 12 18.5 1800 <4 1240 1.2 Example
56 63.8 11.8 244 1700 <3 1250 7.7 Example
57 57 7.6 354 1700 <3 1260 7.8 Example
52 ~4 4 25 6 _ 1700 <3 990 6.5 Comparative Example
59 100 — — 1700 <3 450 4.0 Comparative Example

What is claimed is:
1. Ceramic composites consisting essentially of 2 to

sulting mixture, and sintering it at a temperature of at

35% by volume of fine TiC particles having a particle 60 least 1500° C.

size of not more than 2 micro meter, 5 to 40% by vol-

65
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